Gorse (Ulex europaeus) and French broom (Genista monspessulana) are two highly invasive species that have become a threat to tropical countries, especially in Andean ecosystems. This research focused on providing a physicochemical characterization and essential oils extraction of both species to better understand their potential valorization and guide further environmental management efforts. For this purpose, the following analyses were conducted for both species: higher heat value (HHV), elemental analysis, proximate analysis, thermogravimetric analysis to obtain constituent natural polymers (hemicellulose, cellulose, and lignin), and extraction of essential oils and other interest chemical compounds through supercritical fluids. Ecological closeness was found between the two species mostly regarding HHV, fixed carbon, and volatile matter, which calls for similar potential uses. Both species were also found to be suitable for combustion processes, gasification, extraction of chemical compounds, and use of lignocellulosic content; however, only U. europaeus appeared suitable for activated carbon obtention. Therefore, this work provided relevant data that can be used as preliminary basis to establish strong scientifically-based management and control strategies for these two invasive species. We recommend focusing primarily on thermal processes such as pyrolysis, gasification, or combustion, and also essential oils extractions of acetic acid, dodecanoic acid, anagyrine, amylene hydrate, caulophylline, and maltol in the future.
Introduction
The critical damage caused by invasive species has made this threat the second cause of biodiversity loss worldwide. This is often due to increased competition, depredation, or transmission of diseases that directly affect native species, their interactions, and the ecosystem services they provide [1] . In Colombia, the threats posed by invasive species to natural megadiverse and fragile ecosystems are substantial; however, the Colombian government only recognizes 22 invasive species at the national scale, including nine invertebrate, eight fish, and five plant species to date [2, 3] , and there is no comprehensive assessment of the causes and impacts of the subsequent invasions [4] . Due to the magnitude of the threat paired with other environmental problematics such as uncontrolled deforestation, important pollution, and climate change, there is an urgent need to offer a more complete overview of the species present in the country, their distribution, adaptations, and consequences for natural ecosystems and human wellbeing. Furthermore, it is a priority to propose management psyllids, and everyday uses as brooms and in horticulture [2, 24] . The environmental management, control, and removal of U. europaeus and G. monspessulana are particularly challenging in tropical countries because they remain used in horticulture, especially for edge building, from which they often escape and spread to adjacent ecosystems. In addition, manual removal can lead to management mistakes, including accidental seed dispersal or easy resprouting from partial removal of the aerial biomass [2, 23, 24] . Public knowledge on these species' impacts on ecosystems remains scarce, although environmental education is increasing, which makes their management particularly complicated [25, 26] . As a result, uniformizing and standardizing procedures are urgently required to develop ex-situ valorization of both species. Towards that goal, it is crucial to provide novel fundamental knowledge on the potential uses of these species based on their physicochemical properties in order to issue better-sustained management proposals, for example through harvest and potential commercialization to boost removal efforts [27] .
Of the two species, U. europaeus is the most studied in terms of valorization of all its parts. U. europaeus has been used for livestock feed and fuel [28] , bioherbicide [29] , and compost [30] . In addition, components with biomarker [31] , antiviral, antibacterial [32] , fatty acid [33] , and raw material for biopolymers properties have been extracted from the plant's tissues. A recent study also conducted an overall primary analysis of U. europaeus by characterizing its elemental, immediate, and lignocellulosic composition seeking a thermochemical valorization of this species [34] . Despite such efforts, further uses and/or valorization could be put forward in order to better exploit the species' components and feed a circular economy. Unlike U. europaeus and although they share evolutionary, anatomic, and ecological similarities, no attempts of physicochemical characterization had been conducted for G. monspessulana to date.
The overarching goal of this study was to analyze and compare the physicochemical characteristics of U. europaeus and G. monspessulana to provide bases for exploring new management strategies in the future. Specifically, (i) the hemicellulose, cellulose, and lignin contents were determined, (ii) the kinetic degradation was evaluated through elemental analysis, immediate analysis, heating value, and hemicellulose/cellulose/lignin ratio, and (iii) extractions of super-critical fluids were conducted on different plant vegetative and reproductive parts in order to determine the essential oils contents.
Methods

Data Sampling and Handling Procedure
According to the bioclimatic range of U. europaeus and G. monspessulana species, their potential distribution covers most of the montane belt in the Colombian Andes ( Figure 1 ). Occurrences have been observed mostly in peri-urban areas for G. monspessulana to date, whereas a much wider range has been recorded for U. europaeus. In the latter case, such rapid expansion is attributed to long-distance seed dispersal through roads and disturbed areas, e.g., through crops, reaching higher mountain areas similar to temperate regions [35, 36] 20) . In both cases, 11 randomly picked mature individuals were sampled, collecting in the mid-section of the plant and under different angles at least three ramets for stems and leaves (ligneous and >20 cm) and three more for flowers and fruits (mixed fructiferous and flowering branches, >10 cm). When collecting, all samples were kept separated between vegetative (stems and leaves) and reproductive (flowers and fruits) ramets and contained in codified Ziploc bags. They were later brought to the Environmental Engineering Research Center laboratory of the University of the Andes where they were stored at 4 ºC for several days. For each individual, samples were then carefully handled to separate leaves, stems, flowers and seeds from fruits using dissection tongs. All samples of Sustainability 2020, 12, 57 4 of 14 the same organ, were then merged together by species, dried at 105 ºC for 24 h and finally triturated for 5 min in a Retsch shredder to obtain a minimum of 100 g for triplicate. The samples were then submitted to an analysis of biomass and lignocellulosic characterization, and essential oils extraction. . In both cases, 11 randomly picked mature individuals were sampled, collecting in the mid-section of the plant and under different angles at least three ramets for stems and leaves (ligneous and > 20cm) and three more for flowers and fruits (mixed fructiferous and flowering branches, > 10 cm). When collecting, all samples were kept separated between vegetative (stems and leaves) and reproductive (flowers and fruits) ramets and contained in codified Ziploc bags. They were later brought to the Environmental Engineering Research Center laboratory of the University of the Andes where they were stored at 4 ºC for several days. For each individual, samples were then carefully handled to separate leaves, stems, flowers and seeds from fruits using dissection tongs. All samples of the same organ, were then merged together by species, dried at 105 ºC for 24 h and finally triturated for 5 min in a Retsch shredder to obtain a minimum of 100 g for triplicate. The samples were then submitted to an analysis of biomass and lignocellulosic characterization, and essential oils extraction.
Biomass Characterization
Four commonly used analyses were conducted to characterize the biomass of the different plant samples, including moisture content, proximate, elemental and higher heat value analyses according to Saldarriaga et al. [39] . To do this, the moisture content was determined according to ISO589 [37] ).) and predicted the probability of presence of a species (as a percentage) using the Generalized Linear Model and Random Forest algorithms, actual distribution points obtained from national public databases (2015-2019) and four environmental variables selected to either encompass environmental stress or on the contrary promote plant growth from the CHELSA bioclimatic database (www.chelsa-project.org, variables bio11-Mean Temperature of Coldest Quarter, bio12-Annual Precipitation, bio15-Precipitation Seasonality and bio18-Precipitation of Warmest Quarter, [38] )).
Four commonly used analyses were conducted to characterize the biomass of the different plant samples, including moisture content, proximate, elemental and higher heat value analyses according to Saldarriaga et al. [39] . To do this, the moisture content was determined according to ISO589 standard, proximate analysis in a TA Instrument TGA 5500 Discovery (New Castle, DE, USA), elemental analysis according to ASTM D5373 and ISO19579 standards in an Elemental Vario Macro model, and higher heating value HHV according to ASTM D5865 standard in a Parr 6200 isoperibolic bomb calorimeter (Moline, IA, USA).
Lignocellulosic Characterization
The methodology developed by Saldarriaga et al. [39] was used to obtain the lignocellulosic characterization of the two species of interest. This methodology is based on the deconvolution of the DTG curve which clearly separates the peaks corresponding to the degradation of the three natural polymers hemicellulose, cellulose, and lignin contained in the biomass. An algorithm was written in Scilab and developed according to Saldarriaga et al. [39] , which uses a subroutine based on the Adams method (for non-stiff ODE problems) for an integration of ordinary differential equations that describe the weight loss associated with the degradation of the three components. It also uses a Fminsearch subroutine (based on the Nelder and Mead algorithm) for the optimization of parameters Sustainability 2020, 12, 57 5 of 14 for better adjustment of results. The equipment used for this procedure was the TGA Discovery 5500, TA Instruments.
Extraction of Essential Oils and Other Chemical Compounds of Interest
The methodology used to conduct the supercritical fluid extraction process followed the protocol established by Gaspar et al. [40] . The high pressure Soxhlet Extractor brand JW Scientific model 10232-F was used. For the process, the solvents dichloromethane and methanol were used in a 1:1 ratio. It was placed in a water bath between 45 to 50 ºC in a water leaf over 6 cm for 1.5 h.
The extracts were put into flasks in a water-bath over 60 ºC to remove the solvents. The concentrated extracts were then run by the presence-absence method of volatile organic compounds (VOC) by gas chromatography coupled to mass spectrometry. A 6890N gas chromatograph coupled to a selective mass detector 5975B (electronic impact) of Agilent Technologies (Santa Clara, CA, USA) was used. A volume of 1 µL of extract was injected. The initial temperature of the column was 40 • C and was brought to 200 • C at a heating rate of 3 • C/min. Then, a heating rate of 10 • C/min was applied up to 250 • C and it was left isothermal for 5 min. Splitless mode was used at an initial temperature of 250 • C and pressure of 7.15 psi (49.3 kPa). The carrier gas was helium at a flow rate of 1.0 mL/min. An Agilent 19091S-133 HP-5MS column was used (30 m x 0.250 mm x 0.50 µm). The data acquisition mode was Scan in a mass range of 40 to 550 uam (units of atomic mass). The temperature of the ion source was 230 • C and of the quadrupole 150 • C.
The chemical compounds detected by the chromatograph were reported for the eight samples with a certainty percentage higher than 70% regarding the software library of the selective mass detector. The units reported correspond to the relative amount and are equivalent to the percentage of the area of each compound with regards to the total area of all the compounds, but it is not equivalent to concentration.
Statistic Analysis
All analyses were performed in triplicate, in order to guarantee the reproducibility of the results. The results of the kinetic parameters were obtained from the models developed by Saldarriaga et al. [34, 39] , in which a model was developed to obtain the kinetic constant and the activation energy at the reference temperature. This has been done based on an objective function which was defined as the sum of squared differences between the experimental and calculated data [34, 39] . The objective function as proposed by Saldarriaga et al. [39] was minimized by an optimization subroutine fminsearch (based on the Nelder-Mead algorithm). Table 1 shows the HHV, elemental composition, and moisture, volatile matter, fixed carbon, and ashes values for each functional part of U. europaeus and G. monspessulana. Both species showed very similar elemental composition overall. Regarding the HHV, stems, flowers, and seeds showed values very close to each other for both species like pine sawdust that presents an HHV of 18.84 kJ mol −1 [39] . For U. europaeus, the highest value was in a range between 18.41 and 20.83 MJ/kg and the highest value was found in seeds, while, for G. monspessulana, it was between 19.33 and 21.61 MJ/kg and the highest value was found in leaves. A difference was observed for leaves, typically higher in G. monspessulana than U. europaeus.
Results
Biomass Characterization
In general, the moisture content observed was low in all samples; this could probably be due to the pretreatment that the samples underwent upon arrival at the lab. Moreover, all functional parts of G. monspessulana showed a very low fixed carbon content, while those of U. europaeus had a relatively high content. Finally, U. europaeus showed lower contents of volatile matter and higher ash contents than G. monspessulana. 
Thermogravimetric Analysis
According to the thermogravimetric analyzes of both species, it was possible to determine the amount of hemicellulose, cellulose, and lignin of each of the components evaluated, as well as the activation energy and the kinetic constant of each of them. It was observed that, in all the analyzed samples, cellulose was the component with higher activation energy, while lignin had minor activation energy ( Table 2 ). The flowers and leaves of both species had similar lignocellulosic content. In contrast, the seeds and stems of G. monspessulana contained the most hemicellulose and cellulose, while those of U. europaeus contained more lignin. Overall, all functional parts had very high lignocellulosic content, exceeding 90% in total. Regarding the activation energy, U. europaeus had generally higher values for hemicellulose and cellulose, while G. monspessulana presented higher values for lignin. The only exception was the seeds in which both species had the same activation energy for hemicellulose. For example, the deconvolution of the DTG curve for stems in both species is illustrated in Figure 2 and showed that the increasing order of thermal decomposition was first hemicellulose, then cellulose, and finally lignin.
The flowers and leaves of both species had similar lignocellulosic content. In contrast, the seeds and stems of G. monspessulana contained the most hemicellulose and cellulose, while those of U. europaeus contained more lignin. Overall, all functional parts had very high lignocellulosic content, exceeding 90% in total. Regarding the activation energy, U. europaeus had generally higher values for hemicellulose and cellulose, while G. monspessulana presented higher values for lignin. The only exception was the seeds in which both species had the same activation energy for hemicellulose. For example, the deconvolution of the DTG curve for stems in both species is illustrated in Figure 2 and showed that the increasing order of thermal decomposition was first hemicellulose, then cellulose, and finally lignin. 
Essential Oils and Other Chemical Compounds
After carrying out the extraction process by means of extraction of super critical fluids, several compounds could be detected in each functional part of the two species. Both species presented a large amount of essential oils,  100 for U. europaeus and  138 for G. monspessulana. Of all the organs analyzed in the extraction of essential oils, the stem of G. monspessulana is the functional part with more found compounds ( 83 essential oils), which makes this functional part a potential advantage for the extraction of oils. The lowest amounts of compounds were found in the leaves and stems with  31 oils essential each for U. europaeus, and in seeds with  28 oil essential for G. monspessulana, while the other parts analyzed (flower and seed for U. europaeus and flower and leaf for G. monspessulana) showed  43 compounds per functional part on average. Only flowers showed a similar number of compounds between the two species. G. monspessulana presented more compounds in leaves than U. europaeus, while in the seeds it was the opposite. There was also a net difference in stems, with G. monspessulana showing around 2.6 times more compounds than U. europaeus. Evaluating the shared 
After carrying out the extraction process by means of extraction of super critical fluids, several compounds could be detected in each functional part of the two species. Both species presented a large amount of essential oils, ±100 for U. europaeus and ±138 for G. monspessulana. Of all the organs analyzed in the extraction of essential oils, the stem of G. monspessulana is the functional part with more found compounds (±83 essential oils), which makes this functional part a potential advantage for the extraction of oils. The lowest amounts of compounds were found in the leaves and stems with ±31 oils essential each for U. europaeus, and in seeds with ±28 oil essential for G. monspessulana, while the other parts analyzed (flower and seed for U. europaeus and flower and leaf for G. monspessulana) showed ±43 compounds per functional part on average. Only flowers showed a similar number of compounds between the two species. G. monspessulana presented more compounds in leaves than U. europaeus, while in the seeds it was the opposite. There was also a net difference in stems, with G. monspessulana showing around 2.6 times more compounds than U. europaeus. Evaluating the shared compounds between the two species, nine in flowers, five in leaves, 16 in seeds, and 17 in stems were encountered (Table 3) . It was proven, for example, that stearic acid was the only compound detected in all functional parts of the plants. Another shared compound of great interest was maltol, found mainly in G. monspessulana but also in the seeds of U. europaeus. Likewise, other interesting compounds such as acetic acid, dodecanoic acid, anagyrine, amylene hydrate, caulophylline, maltol, among others, were found in both species. 
Discussion
U. europaeus and G. monspessulana are invasive species of high risk in Colombia, especially in high Andean ecosystems. Currently, there is very little data on their physicochemical characteristics, particularly for G. monspessulana. Therefore, an exhaustive characterization of the two species was carried out to determine their properties and advance potential uses and valorization processes. This study complements previous efforts to characterize and propose a strong scientifically-supported basis for environmental authorities and stakeholders to establish suited management strategies of these two invasive species. Therefore, in order to perform an adequate management of their invasions, it is very important to know how they have adapted to the new environment and how it may reflect in terms of physico-chemical properties. Because similar elemental and chemical composition was Sustainability 2020, 12, 57 9 of 14 observed between the functional parts of U. europaeus and G. monspessulana, which can be due to their taxonomical proximity and ecological closeness, opportunities for similar proper management, at least in Colombia, can be created.
First, this study performed a separate HHV analysis of four functional parts of both species, whereas previous studies had only carried out HHV analysis on U. europaeus and analyzing the whole plant. Our results coincided with previous findings; for example, Saldarriaga et al. [34] found an HHV of 19.43 MJ/kg for U. europaeus. We found high HHVs for all functional parts, very similar to those of pine sawdust, which is one of the most commonly used biomasses for thermal processes worldwide [39, [41] [42] [43] . In general, the volatile matter of both species was very high while the ash content was very low, which, according to Vassilev et al. [41] , is important because where there is a higher volatile content in a thermal process, the yield of biomass includes light hydrocarbons, CO, CO 2 , H 2 , moisture and tars. Regarding the elemental analysis, previous studies had quantified the content of C, H, O, N, P, K, S, Ca, Mg, Na, Cu, Fe, Mn, Zn, and Si for leaves and stems of U. europaeus [44] . However, the sum of elements different to CHONS is under 2.5 wt.%, which indicates that the only quantification of CHONS is a very good approximation. Because no elemental analyses had been previously carried out on G. monspessulana to our knowledge, the comparison of our results with past findings was not possible. Results found in literature showed certain biofuel potential for energy production and could be used for heating in cold mountain areas thanks to their substantial HHV (in comparison to fuelwood and crop residues with 17.50 and 36.80 MJ/kg values, respectively [41, 45] ).
Second, our results suggested that these species can undergo invasion management by the means of pyrolysis or combustion processes in order to obtain energy. This strategy would be particularly valuable in Colombian mountains where climatic conditions are usually highly variable and harsh (~2-10 • C across the altitudinal gradient). Our kinetic model proposed for U. europaeus and G. monspessulana of oxidative pyrolysis had the same behavior as those reported by literature [39, 46] . The pyrolysis of both species registered two peaks: the first one shifted to lower temperatures than those corresponding to inert pyrolysis (0% of O 2 ), and the second one to higher temperature corresponding to char combustion. Moreover, the behavior observed in this study was similar to that observed by other authors in which hemicellulose is the least thermally stable fraction of the two species studied, mainly due to the presence of acetyl groups [47] . The degradation of lignin began at relatively low temperatures and continued over a wide range of temperatures [48] , while cellulose had high thermal stability, surely due to its crystalline structure [49] . As encountered in previous studies, our results showed that, once the degradation of cellulose had begun, a very quick degradation process occurred and the characteristic peak of the deconvolved DTG curve was produced [34, 39] . Therefore, it was verified again that the tool developed by other authors works very well [39] . It provides a good fit between the experimental and calculated data: it allows part of the calculations of the content of the natural polymers of both species, and it also determines the kinetic parameters of the pyrolysis process. The two species can also be used in a pyrolysis process to obtain char and/or other components. As they have low nitrogen and sulfur content, the production of SOx and NOx is expected not to be a major concern. In addition, they are very good raw material for several industrial processes due to their lignocellulosic composition. For example, carbon fibers from lignin, cellulose whiskers, bioethanol from cellulose, and hemicellulose can be obtained [50] . Likewise, their high volatile matter and low ashes content make them ideal for gasification processes; however, only U. europaeus is ideal for activated carbon obtention due to its fixed carbon content [34] .
There are few studies reported in the literature regarding the oil's extraction in both species, as for G. monspessulana there are few reports of oil extraction, in which the presence of cytisine, aphylline, and anagyrine among others has been reported [51, 52] , while Parra [53] carried out an extraction of essential oils on U. europaeus by using steam distillation and found 90 compounds compared to our 100 (over 90% certainty), of which only two, heptadecane and eicosane, matched. This difference may be due to the extraction process and the solvent drying technique. Similarly, studies conducted in Portugal and Spain, where this species is native (U. europaeus), can identify by different techniques essential oils such as acacetin, caffeic acic, cytisine, anagyrine, ferulic acid, xylose, xylan, arabinose, among others [27, [54] [55] [56] . We believe that many chemical components that can be extracted for industrial use have been identified. For example, the stearic acid (also called octadecanoic acid) is currently used to activate the phase change performance of composite materials due to its excellent properties, such as the range of fusion temperature and the high thermal capacity. Similarly, maltol is catalogued as an important and powerful flavoring additive, which is widely used in food production [57] . This could be extracted from the seeds of both plants and be used to improve the processing and food shelf life [58] . In addition, maltol is a number of gamma pyrones that has wide applications in many chemical syntheses as a ligand. Another important compound is acetic acid, which was found in both species. This can be used in agriculture in the control of larvae and the eggs of the wax moths, since it destroys the wax combs [59, 60] . Other studies suggest useful effects against pathogens in a variety of food products such as moutable (eggplant dip) [61, 62] , salads [63, 64] , hummus [65] , and tahini [66, 67] . Other essential components such as eicosane, palmitic acid, and oleic acid found in this study in both species have also been reported in studies of jatropha. These compounds are widely used in cosmetics, lubricants, among others. All of the above means that both species can become an important source of these types of chemical compounds, and could potentially profit from sustainable harvest by Andean communities.
Finally, the methodology used for the extraction of essential oils and other chemical compounds of interest could still improve in several ways. For example, adapting the drying method carried out on all samples before analyzing them would be useful in order to avoid the volatilization of certain chemical compounds of interest. Moreover, regarding essential oils extraction, other solvents could be tested in small volumes, with more samples or longer extraction time to obtain more concentrated extracts and thus increase the number of compounds detected in the chromatography. We also recommend conducting a deeper analysis to determine the quantity of each compound, in order to estimate extraction levels for future sustainable exploitation.
Conclusions
U. europaeus and G. monspessulana are two invasive species that have colonized several ecosystems in the Colombian Andes. To perform an adequate environmental management of their invasions, it is very important to know how they have adapted to their new environment and what physical and chemical characteristics they present. Our study found many similarities between these two species, which could facilitate their environmental management and control. Thanks to their physicochemical properties, they both can be used in several processes such as pyrolysis, gasification, and combustion, but only U. europaeus shows an adequate composition for obtaining activated carbon. They also have a high lignocellulosic content useful in the production of carbon fibers, whiskers, bioethanol, among others. Furthermore, these species contain many crucial essential oils and other chemical compounds such as acetic acid, maltol, and stearic acid, which turn out to be interesting in agriculture for the control of pests, in the industry of food to preserve food, among other uses. 
